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Activation of transient receptor potential vanilloid 1
(TRPV1) by resiniferatoxin
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Transient receptor potential vanilloid 1 (TRPV1) is a Ca2+ permeable non-selective cation
channel activated by physical and chemical stimuli. Resiniferatoxin (RTX), an ultrapotent agonist
of TRPV1, is under investigation for treatment of urinary bladder hyper-reflexia and chronic
pain conditions. Here, we have determined the characteristics of RTX-induced responses in cells
expressing native and cloned rat TRPV1. Whole-cell currents increase with repeated application
of submaximal concentrations of RTX until a maximal response is attained and do not deactivate
even after prolonged washout. Interestingly, the rate of activation and block by capsazepine of
RTX-induced currents are significantly slower than for capsaicin-induced currents. RTX-induced
whole-cell currents are outwardly rectifying, but to a lesser extent than capsaicin-induced
currents. RTX-induced single channel currents exhibit multiple conductance states and outward
rectification. The open probability (Po) of RTX-induced currents is higher at all potentials as
compared to capsaicin-induced currents, which showed a strong voltage-dependent decrease
at negative potentials. Single-channel kinetic analyses reveal that open-time distribution of
RTX-induced currents can be fitted with three exponential components at negative and positive
potentials. The areas of distribution of the longer open time constants are significantly larger than
capsaicin-induced currents. The closed-time distribution of RTX-induced currents can be fitted
with three exponential components as compared to capsaicin-induced currents, which require
four exponential components. Current-clamp experiments reveal that low concentrations of
RTX caused a slow and sustained depolarization beyond threshold while generating few action
potentials. Concentrations of capsaicin required for the same extent of depolarization generated
a significantly greater number of action potentials. These properties of RTX may play a role in
its clinical usefulness.
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Transient receptor potential vanilloid 1 (TRPV1/VR1)
is a non-selective cation channel with high calcium
permeability expressed on the peripheral and central
terminals of small-diameter sensory neurones (Caterina
et al. 1997; Dinh et al. 2004; Lazzeri et al. 2004c). It
functions as a polymodal nociceptor at the peripheral
nerve terminals and modulates synaptic transmission at
the first sensory synapse between dorsal root ganglion
(DRG) and dorsal horn neurones (Nakatsuka et al. 2002;
Baccei et al. 2003). TRPV1 has also been shown to
modulate synaptic transmission in certain regions of the
brain (Doyle et al. 2002; Marinelli et al. 2002, 2003).
TRPV1 is activated by heat (> 42◦C), capsaicin (pungent
ingredient of hot chilli peppers), resiniferatoxin (RTX),
protons, anandamide, arachidonic acid metabolites and
N-arachidonyl dopamine (NADA) (Szallasi & Blumberg,
1990a,b; Caterina et al. 1997; Zygmunt et al. 1999; Hwang

et al. 2000; Julius & Basbaum, 2001; Caterina & Julius, 2001;
Chuang et al. 2001; De Petrocellis et al. 2001; Huang et al.
2002). RTX, derived from Euphorbia resinifera is the most
potent amongst all the known endogenous and synthetic
agonists for TRPV1. The tritiated form (3[H]RTX) has
been used as a tool in ligand-binding assays (Szallasi &
Blumberg, 1990b; Roberts et al. 2004). Binding of capsaicin
and RTX to TRPV1 involves amino acid residues which
have been shown to reside in N- and C-cytosolic and
transmembrane domains of the channel (Jung et al. 1993,
2002; Chou et al. 2004; Gavva et al. 2004). RTX combines
structural features of phorbol esters (potent activators of
protein kinase C (PKC)) and vanilloid compounds. It was
thought that its ability to activate PKC might be responsible
for its high potency, but the concentration required to
activate PKC is much higher than needed to account for
this effect (Harvey et al. 1995).
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TRPV1 is implicated in inflammatory thermal
sensitivity, as TRPV1 knockout mice are able to
sense normal temperature with some deficiency, but
lack thermal hypersensitivity following inflammation
(Caterina et al. 2000; Davis et al. 2000). Although TRPV1
is mainly considered to be involved in thermal sensory
perception, its distribution in regions that are not exposed
to such temperatures raises the possibility of functions
other than detection of heat. TRPV1 can be detected using
RT-PCR and radioligand binding throughout the neuro-
axis, and identification of specific ligands such as NADA in
certain brain regions further suggests possible roles in the
CNS (Huang et al. 2002; Szabo et al. 2002; Zheng et al. 2003;
Vass et al. 2004). TRPV1 is present in the blood vessels
and bronchi where activation of this receptor leads to
potent vasodilatation (by releasing calcitonin gene-related
peptide (CGRP)) and bronchoconstriction, respectively
(Lundberg et al. 1983; Mitchell et al. 1997; Oroszi et al.
1999). TRPV1 is found in the nerve terminals supplying
the bladder and the urothelium, where activation may have
a role in bladder function, including micturition (Birder
et al. 2002; Linard et al. 2003; Dinis et al. 2004).

Recently, RTX has found therapeutic usefulness and
is undergoing clinical trials for the treatment of bladder
hyper-reflexia (Lazzeri et al. 1998; Kim et al. 2003).
Single intravesicular administration of RTX produces a
long-lasting improvement of this condition (Cruz et al.
1997; Lazzeri et al. 1998; Brady et al. 2004; Karai et al.
2004). It has also been found that RTX is useful in painful
conditions affecting joints where its injection into the joint
cavity has led to a dramatic improvement in joint mobility
by reducing pain (Helyes et al. 2004). The rationale for
RTX treatment is believed to arise from a combination of
Ca2+-dependent desensitization and the nerve terminals
undergoing cell death from excessive influx of Ca2+ via
TRPV1. The long-lasting effect of RTX supports the
latter as a more likely mechanism of action as shown
by the effect of RTX administration into the bladder of
patients with bladder hyper-reflexia (Brady et al. 2004).
It has been documented that intravesicular application
of RTX, unlike capsaicin, does not induce suprapubic
discomfort (Giannantoni et al. 2004). Findings from this
study show that even at low concentrations RTX is able
to activate TRPV1 slowly with high potency, which might
result in a sustained increase in intracellular Ca2+ without
generating action potentials, leading to nerve terminal
death.

In this study we have found, using whole-cell
and single-channel recordings, that RTX induced slow,
sustained and irreversible current. In current-clamp
experiments, lower concentrations of RTX induced slow
and sustained membrane depolarization, but exhibited
a lesser propensity to generate action potentials than
capsaicin.

Methods

Electrophysiology

Whole-cell and single-channel currents were recorded
from rat DRG neurones in culture and from Xenopus
laevis oocytes injected with rat TRPV1 cRNA. Animals
were cared for according to the standards of the National
Institutes of Health (NIH). All animal use protocols
were approved by Southern Illinois University School of
Medicine Animal Care Committee.

Oocytes were obtained by an abdominal incision after
anaesthetizing the frog by immersion in a 0.05% solution
of 3-aminobenzoic acid ethyl ester (MS222). Animals
were killed by a subcutaneous injection of a 2% solution
of MS222 according to NIH guidelines. One day after
separating the oocytes from the follicular layer, 50–70 nl
TRPV1 cRNA was injected using a Drummond Nanoject
(Drummond Scientific Co., Broomall, PA, USA). Oocytes
were used for recording from 3 days after the injection.
Double-electrode voltage clamp was performed using a
Warner amplifier (Warner Instruments, Hamden, CT,
USA). Data were digitized and stored on videotape or
directly stored on the computer using a LabView interface
(National Instruments, Austin, TX, USA). Experiments
were performed at 21–23◦C. Oocytes were placed in
a Perspex chamber superfused (5–10 ml min−1) with
Ca2+-free Ringer solution containing (mm): NaCl 100,
KCl 2.5 and Hepes 5; pH adjusted to 7.35 with NaOH.
Current–voltage relationships were measured using 1-s
voltage ramps from −80 to +80 mV.

Primary DRG neuronal cultures were prepared from
embryonic day 18 (E18) rat embryos. Adult pregnant rats
were killed with an overdose of isoflurane. DRG were
dissected and the cells were dissociated by triturating
with a fire-polished glass pipette. Cells were cultured
in Neurobasal medium (Life Technologies, Buffalo, NY,
USA), supplemented with 10% fetal bovine serum (FBS),
and grown on poly-d-lysine-coated glass coverslips.
Cells were used from 5 to 15 days after plating. Small
diameter (< 30 µm) rounded neurones were selected for
patch-clamp experiments. More than 70% of the neurones
responded to capsaicin. The Giga-seal patch-clamp
technique was used to record whole-cell currents. For
perforated-patch recordings, the bath solution contained
(mm): sodium gluconate 140, KCl 2.5, Hepes 10, MgCl2

1 and EGTA 1.5 (pH adjusted to 7.35 with NaOH), and
the pipette solution contained (mm): sodium gluconate
130, NaCl 10, KCl 2.5, Hepes 10, MgCl2 1, EGTA 1.5
and 240 µg ml−1 amphotericin B (pH adjusted to 7.35
with NaOH). For current-clamp experiments the pipette
solution contained (mm): potassium gluconate 130, NaCl
10, MgCl2 1, EGTA 0.2, K2ATP 1 and Hepes 10; pH
adjusted to 7.35 with NaOH. Extracellular solution for
current- and voltage-clamp experiments contained (mm):
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NaCl 140, KCl 4, MgCl2 1 and Hepes 10; pH adjusted to
7.35 with NaOH. Currents were recorded using a WPC
100 patch-clamp amplifier (E.S.F. Electronic, Goettingan,
Germany). Data were filtered at 10 kHz, digitized (VR-10B,
Instrutech Corp., Great Neck, NY, USA) and stored on
videotapes or directly stored in the computer using a
LabView interface. For analysis of whole-cell currents, data
were filtered at 1 kHz (−3db frequency with an 8-pole
low-pass Bessel filter, Warner Instruments, LPF-8) and
digitized at 2 kHz.

For single-channel recording in cell-attached patches
from DRG neurones, the bath solution contained (mm):
potassium gluconate 140, KCl 2.5, MgCl2 1, Hepes 5 and
EGTA 1.5; pH adjusted to 7.35 with NaOH. The patch
pipettes were made from glass capillaries (Drummond,
Microcaps), coated with Sylgard (Dow Corning, Midland,
MI, USA). For cell-attached patches, the patch pipettes
were filled with a solution that contained (mm): sodium
gluconate 140, NaCl 10, MgCl2 1, Hepes 5 and EGTA
1.5; pH adjusted to 7.35 with NaOH. While recording
from cell-attached patches, in order to avoid differences
in the driving force because of the differences in the
membrane potential, the external NaCl was replaced by
an equal amount of KCl in order to nullify the membrane
potential. For outside-out patches, the pipette solution
contained (mm): sodium gluconate 90, NaCl 10, BAPTA
10, Hepes 10, K2ATP 2 and GTP 0.25; pH adjusted to 7.35
with NaOH. The bath solution contained (mm): sodium
gluconate 100, KCl 2.5, MgCl2 1, Hepes 5 and EGTA 1.5;
pH adjusted to 7.35 with NaOH. All the experiments were
performed at room temperature (21–23◦C). Agar-bridge
electrodes were used to avoid changes in junction potential.
The currents were recorded using a WPC 100 (Warner
Instruments) or Axopatch 2B (Axon Instruments, Union
City, CA, USA) patch-clamp amplifier. Data were filtered
at 10 kHz (Axopatch 2B), digitized (VR-10B, Instrutech
Corp.), and stored on videotapes. For the analysis of
amplitude and open probability (Po), the data were filtered
at 2.5 kHz (−3db frequency with an 8-pole low-pass Bessel
filter, Warner Instruments) and digitized at 5 kHz. For
dwell-time analysis, the data were filtered at 10 kHz and
digitized at 50 kHz.

Single-channel analyses

Single-channel current amplitude and Po were estimated
from all-point current amplitude histograms (Channel 2
software kindly provided by Michael Smith, Australian
National University, Canberra, Australia) and fitted
to Gaussian densities (Origin, OriginLab Corp.,
Northampton, MA, USA). For current–voltage
relationships, the amplitudes were determined by
fitting a Gaussian curve to an all-point histogram. Po was
determined using unedited segments of data, which were
typically 1–5 min long. For multiple channel patches, the
mean Po was measured as nPo, where n is the number of

channels in the patch. Chord conductance was measured
at +60 or −60 mV. Slope conductance was determined
by linear fits to current–voltage data between +20 and
+100 mV or −20 and −100 mV.

Patches that apparently had a single TRPV1 channel
(assessed by the lack of overlapping events at +60 mV,
when the Po was > 0.7) were used for dwell-time analysis.
Single-channel currents were idealized using a modified
Viterbi algorithm (QUB software, www.qub.buffalo.edu).
Dwell-time distributions were fitted with mixtures of
exponential densities using a method of maximum
likelihood. Additional exponential components were
incorporated only if the maximum log likelihood increased
more than 2 log likelihood units (Chung et al. 1990; Qin
et al. 1996; Premkumar et al. 1997). A dead time (τ d) of
50 µs was imposed retrospectively, in that, events shorter
than 50 µs were considered to be a part of the adjoining
sojourns.

All the chemicals used in this study were obtained
from Sigma (St Louis, MO, USA). The working
concentrations of the drugs were freshly prepared from
the following ethanol stock solutions: RTX (100 mm),
capsaicin (100 mm) and capsazepine (50 mm). The final
solution contained < 0.001% ethanol. Data are given as
mean ± s.e.m and statistical significance was evaluated
using the Student’s t test.

Results

Activation of whole-cell currents in oocytes by RTX

Whole-cell currents were recorded from oocytes
heterologously expressing TRPV1. At a holding potential
of −60 mV, application of capsaicin (300 nm), protons
(pH 5.5), NADA (10 µm) and RTX (10 nm) induced
inward currents. NADA is a weak agonist and did not
induce a maximal response even at a concentration
of 10 µm. The currents induced by capsaicin, protons
and NADA could be reversed readily when the agonists
were removed (Fig. 1A–C). In contrast, RTX-induced
currents did not deactivate even after a prolonged
washout (> 15 min) (Fig. 1D). Qualitatively, it is clear
that the activation and deactivation phases are different
for RTX-induced currents as compared to currents
activated by capsaicin, protons and NADA. (Fig. 1A, B
and C). RTX-induced currents are activated slowly and
minimally deactivated (Fig. 1D and E). Moreover,
repeated application of a submaximal concentration of
RTX (10 nm) induced larger currents until a maximal
response was attained; the current could be readily blocked
by ruthenium red (100 µm) (Fig. 1E). To quantify the
differences in activation phase, we measured the activation
time (10–90% of the rising phase) and the summary graph
shows that the activation phase of RTX-induced currents
is two-fold slower than capsaicin-induced (300 nm)
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and proton-induced (pH 5.5) currents (capsaicin,
23.9 ± 1.5 s, n = 11; protons, 20.2 ± 0.7 s, n = 11; RTX,
61.4 ± 4.4 s, n = 13) (Fig. 1F). A ramp protocol, which
changed the voltage from −80 to +80 mV in 1 s, was
used to determine the current–voltage relationship of
the responses induced by RTX (10 nm) and capsaicin
(300 nm) (Fig. 1G). Agonist-induced currents are shown
after subtracting the leak current in the absence of the
agonist. Capsaicin- and RTX-induced currents reversed
at −12.3 ± 0.42 (n = 3) and −10.4 ± 0.53 (n = 4) mV,
respectively. Although an outward rectification pattern
was seen with both agonists, RTX-induced currents
showed a lesser degree of outward rectification. In order
to quantify this, we calculated the ratio of outward
and inward currents. The ratio was significantly larger
(P < 0.05) for capsaicin-induced (6.6 ± 1.3, n = 6) as
compared to RTX-induced (2.35 ± 0.97, n = 3) currents.
Although, increasing concentrations of RTX induced
larger currents, repeated application of the same sub-
maximal concentration also induced larger currents. Thus,

Figure 1. Cloned TRPV1-mediated whole-cell currents in oocytes
Currents activated by 1 µM capsaicin (A), pH 5.5 (B), 10 µM NADA (C) and 10 nM RTX (D). E, note that the
RTX-induced current does not deactivate. Repeated application of a submaximal concentration of RTX (10 nM)
induced larger currents, which could be completely blocked with 100 µM ruthenium red (RR). F, summary graph
showing that the time to reach the peak (10–90%) current is ∼ three times longer in the presence of RTX as
compared to the other agonists. ∗P < 0.05. G, current generated by a ramp protocol from −80 to +80 mV in the
presence of RTX (top trace) and capsaicin (Cap, bottom trace) shows a lesser degree of rectification of RTX-induced
currents.

it was difficult to construct a meaningful dose–response
curve for RTX. Repeated application of agonists such as
capsaicin, protons, NADA and anandamide increases the
amplitude of the current in oocytes and DRG neurones;
in the case of NADA and anandamide this has been
attributed to activation of PKC. PKC activation increases
sensitivity as well as TRPV1 translocation (Van Buren
et al. 2005). A similar phenomenon could play a role in the
observation of increased current amplitude with repeated
application of low concentrations of RTX (Premkumar
et al. 2004). It is also possible that RTX is partitioned
in the membrane and repeated application can increase
the availability of RTX for binding. In the past, an EC50

value (39 nm) has been obtained by applying increasing
concentrations of RTX; however, results from this study
suggest that a dose–response curve does not give an
accurate determination of the EC50 value, but it does
confirm the ultra potency of RTX as shown in previous
studies (Szallasi & Blumberg, 1990b; Caterina et al. 1997;
Marshall et al. 2003).
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Activation of whole-cell current in DRG neurones
by RTX

Next we determined the properties of RTX-induced
membrane currents on native TRPV1 in embryonic DRG
neurones grown in culture. The cells were voltage-clamped
at −60 mV and currents were evoked by RTX and
capsaicin. Protons were not used to elicit currents because
of the presence of acid-sensitive ion channels in these
neurones. Capsaicin-induced (1 µm) currents were readily
reversible. However, as previously observed in oocytes
(Fig. 1D), RTX (10 and 100 nm) induced a sustained
current that could not be reversed readily even after a
prolonged washout (> 15 min) (Fig. 2A). Furthermore,
capsaicin-induced currents exhibited a relatively fast
activation and deactivation phase, whereas RTX-induced
currents exhibited significantly slower activation phase
as compared to capsaicin-induced currents (RTX 10 nm,
69 ± 10.9, n = 6; RTX 100 nm, 29.35 ± 2.65 s, n = 6;
capsaicin 1 µm, 7.14 ± 0.42 s, n = 66) (P < 0.001, Fig. 2A
and B). We did not observe any difference in the activation
kinetics of RTX-induced currents with or without prior
application of capsaicin.

We determined the block of TRPV1 current induced
by RTX and capsaicin by a competitive TRPV1 blocker.
Capsazepine (10 µm) completely blocked the current

Figure 2. TRPV1-mediated whole-cell currents in DRG neurones
A, RTX-induced (100 nM) current exhibits a significantly longer time to peak than capsaicin-induced (1 µM)
current and deactivates minimally. B, summary graph showing significantly longer time to peak for RTX- than
for capsaicin-induced currents. C, D rate of block of RTX-induced currents by capsazepine (10 µM) is significantly
slower than block of capsaicin-induced currents. E, summary graph showing significantly longer time taken for
capsazepine to block RTX- than capsaicin-induced currents.

induced by capsaicin (1 µm) and RTX (10 nm). However,
the rate of block induced by capsazepine was significantly
slower (612.3 ± 219 s, n = 6) for RTX-induced currents
than for capsaicin-induced currents (18.4 ± 2.8 s, n = 10)
(Fig. 2C–E, P < 0.01). These experiments suggest that
even though RTX binds to TRPV1 with high affinity, it
is unable to activate the receptor rapidly and deactivates
minimally.

Single-channel currents activated by RTX
and capsaicin in native and cloned TRPV1

Single-channel conductance. To further evaluate the
properties of TRPV1 activation by RTX, we recorded
single-channel currents from cell-attached and excised
patches from DRG neurones and oocytes heterologously
expressing TRPV1. All recordings were carried out in
the absence of extracellular calcium to avoid tachy-
phylaxis and desensitization of channel activity (Docherty
et al. 1996; Caterina et al. 1997; Koplas et al. 1997).
Single-channel current activity in cell-attached patches
from DRG neurones were recorded at −60 and +60 mV,
as shown in Fig. 3. Single-channel current amplitude
of RTX-induced currents was 2.3 ± 0.21 pA (n = 8)
at −60 mV and 6.02 ± 0.14 pA (n = 6) at +60 mV
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corresponding to a conductance of 38.3 ± 3.5 pS and
100 ± 2.2 pS, respectively (Fig. 3A). Although RTX is a
potent agonist, single-channel conductance is lower at
negative potentials as compared to positive potentials.
In comparison to RTX-induced currents, single-channel
currents induced by capsaicin (100 nm) had amplitudes
of 2.4 ± 0.12 (n = 10) and 5.67 ± 0.06 pA (n = 10) at −60
and +60 mV corresponding to conductances of 40 ± 1.95
and 95 ± 0.1 pS, respectively (Fig. 3B, also see Premkumar
et al. 2002).

Next we recorded single-channel currents from
the cloned TRPV1 in excised patches. RTX-induced
current amplitudes were 2.59 ± 0.17 and 6.19 ± 0.05 pA
(n = 6) corresponding to conductances of 43 ± 2.8
and 103.3 ± 0.83 pS, at −60 and +60 mV, respectively
(Fig. 4A). Capsaicin-induced current amplitudes
were 2.52 ± 0.08 (n = 27) and 5.71 ± 0.1 pA (n = 28)
corresponding to conductance of 41.8 ± 1.3 and
95.3 ± 1.7 pS at −60 mV and +60 mV, respectively, as
previously described (Premkumar et al. 2002) (Fig. 4B)

Careful analysis of single-channel currents induced by
RTX revealed multiple conductance states. Both, supra-
and subconductance states were observed (Fig. 5A and
B). In comparison to capsaicin-induced currents, which

Figure 3. Single-channel current recordings in cell-attached patches from DRG neurones
A, RTX-induced (0.1 nM) single-channel activity at −60 and +60 mV. B, capsaicin-induced (100 nM) single-channel
activity at −60 and +60 mV. The corresponding all-point amplitude histograms are shown on the right. Lower
traces show single-channel recordings at a higher time resolution.

predominantly dwelled at a conductance level of ∼95 pS,
RTX-induced currents showed multiple conductance
states. In DRG neurones at +60 mV, the current
amplitudes were 3.2, 5.2 and 6.9 pA, corresponding to
conductance levels of 53, 86 and 115 pS, respectively
(Fig. 5A). In oocytes expressing TRPV1, at +60 mV,
RTX-induced currents had amplitudes of 3.5, 5.3 and
6.9 pA, corresponding to single-channel conductance of
58, 88 and 115 pS, respectively (Fig. 5B).

Current–voltage relationship and rectification. RTX- and
capsaicin-induced channel activity were recorded from
−100 to +100 mV (Fig. 6). Several studies have shown
that the whole-cell current–voltage relationship for TRPV1
exhibits a profound outward rectification (Caterina et al.
1997; Tominaga et al. 1998; Premkumar et al. 2002).
For RTX-induced currents, the polarity of single-channel
currents reversed close to 0 mV (−2.9 mV, n = 2). The
outward limb of the single-channel current–voltage
relationship has a slope conductance of 126 pS (between
0 and +100 mV) and the inward current limb has a slope
conductance of∼30 pS (between 0 and−100 mV) (Fig. 6A
and B). At negative potentials, single-channel conductance
did not change linearly with voltage beyond −60 mV,
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whereas at positive potentials the current–voltage curve
was ohmic. We do not have a good explanation for this
observation. Similar to previous studies, this study showed
that the slope conductance of capsaicin-induced currents
is 41 pS at negative potentials as compared to 107 pS
at positive potentials (Fig. 7A and B). Single-channel
conductance is lower at negative than at positive potentials
and increased linearly with voltage at both negative
and positive potentials. Even though RTX is a potent
activator, the current–voltage relationship is not linear,
suggesting that the difference in conductance is an
inherent property of the receptor. The difference in
single-channel conductance is partly responsible for the
outward rectification, but to a lesser extent as compared
to capsaicin-induced currents, which also exhibits is due
to a lack of voltage-dependent change in Po as described
below.

Single-channel open probability (Po). Single-channel
activity of RTX-induced currents in cell-attached patches
as well as outside-out patches exhibited a high Po (∼0.9)
(Figs 3A, 4A and 6A). Single-channel Po did not change

Figure 4. Single-channel current recordings in an excised patch from oocytes injected with cRNA for
TRPV1
A, RTX-induced (0.1 nM) single-channel activity at −60 and +60 mV. B, capsaicin-induced (100 nM) single-channel
activity at −60 and +60 mV. The corresponding all-point amplitude histograms are shown on the right. Lower
traces show the single-channel recordings at a higher time resolution.

with increasing concentrations of RTX from 0.1 to
20 nm. Only the time to attain maximum Po was longer
when lower concentrations of RTX were used. Thus, all
single-channel analyses for RTX-induced activation of
TRPV1 were performed in the presence of 0.1–0.2 nm RTX.
Moreover, there is no voltage-dependent change in Po,
unlike capsaicin-induced currents. At both negative and
positive potentials, the Po was ∼0.9 (Figs 3A, 4A, and 6A
and C). Single channel Po was 0.94 ± 0.02 (n = 6) and
0.98 ± 0.02 (n = 3) at −60 and +60 mV, respectively, in
cell-attached patches from DRG neurones (Fig. 3A). Next
we recorded single-channel currents using outside-out
patches from oocytes expressing TRPV1. In the
presence of RTX, the Po was high: 0.83 ± 0.05 (n = 3)
and 0.88 ± 0.03 (n = 3) at −60 and +60 mV, respectively
(Fig. 4A). Even in excised patches, RTX-induced Po is
higher than capsaicin-induced Po.

Application of capsaicin showed a concentration-
dependent increase and a voltage-dependent decrease in
Po at negative potentials (Premkumar et al. 2002). In
cell-attached patches, the Po in the presence of 100 nm
capsaicin at −60 and +60 mV was 0.1 ± 0.04 (n = 6)
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and 0.53 ± 0.04 (n = 7), respectively (Figs 3B, 4B and
7A and C). Similarly, in excised patches the Po in the
presence of 100 nm capsaicin at −60 and +60 mV was
0.14 ± 0.01 (n = 34) and 0.4 ± 0.03 (n = 38), respectively.
The maximal Po in the presence of 1 µm capsaicin was
0.8 ± 0.04 and 0.4 ± 0.08 in cell-attached patches at −60
and +60 mV, respectively, as reported in a previous study
(Premkumar et al. 2002). Even at high concentrations of
capsaicin, the voltage-dependent change in Po at negative
potentials was apparent. Moreover, capsaicin-induced
TRPV1 channel activity was reversible even at higher
concentrations, unlike the irreversible nature of activation
observed with RTX (data not shown), which was consistent
with the observation in whole-cell experiments.

Single-channel kinetics of RTX- and capsaicin-induced
channel activity. Single-channel kinetic analyses were
carried out from patches that apparently had one channel,
using the criterion of non-overlapping events when the
Po was > 0.7. The data (stretches ≥ 1 min) were first
idealized using a single open and closed state. This was
followed by incorporation of additional open and closed
states until the dwell-time histograms were well-fitted with
a mixture of exponential densities. Method of maximal

Figure 5. Multiple conductance states of RTX-induced TRPV1 currents
A, selected segments of single-channel currents recorded in a cell-attached patch from a DRG neurone at +60 mV
with 0.1 nM RTX in the patch pipette. B, selected segment of single-channel currents recorded in cell-attached
patch from an oocyte expressing TRPV1 at +60 mV. Regions denoted 1, 2, 3 represent characteristic supra and
subconductance states. All-point amplitude histograms showing the conductance levels and their relative frequency
of occurrence from selected regions are on the right.

log likelihood was used to determine the best fit for the
data. Additional states were incorporated only if the log
likelihood increased by at least 2 log units. Analyses of
single-channel kinetics of TRPV1 currents activated by
RTX exhibited no voltage-dependent behaviour, unlike
capsaicin-induced currents. (Table 1, Fig. 8).

The open-time distribution of RTX-induced
(0.1–0.2 nm) single-channel currents recorded in
DRG neurones could be well-fitted with three exponential
components (Fig. 8A and Table 1). Increasing the
concentration of RTX did not change the time constants
or their relative areas of distribution, unlike with
capsaicin (Premkumar et al. 2002). This finding is
consistent with the observation that Po is independent
of the concentration. The mean open-time constants
and their relative areas of distribution (in parentheses)
in the presence of RTX at −60 mV in cell-attached
patches were 0.46 ± 0.1 ms (0.03 ± 0.01), 5.57 ± 2.4 ms
(0.5 ± 0.3) and 10.2 ± 1.8 ms (0.47 ± 0.3) (n = 6). The
mean open-time constants and their relative areas of
distribution at +60 mV were 1.6 ± 1.2 ms (0.11 ± 0.1),
6.58 ± 0.56 ms (0.72 ± 0.12) and 12 ± 1 ms (0.25 ± 0.01)
(n = 3). (Fig. 8A right panel and Table 1). The mean open
times of RTX-induced currents are 7.5 ms and 7.9 ms at
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−60 and +60 mV, respectively. From these analyses, it is
clear that RTX-induced currents dwelled predominantly
in long open states.

For capsaicin-induced currents, at negative potentials
(−60 mV), three exponential components were required
to fit the open-time distributions. The mean open-time
constants and their relative areas of distribution at−60 mV
were 0.11 ± 0.01 (0.26 ± 0.05), 0.76 ± 0.18 (0.49 ± 0.07),
2.61 ± 0.84 (0.34 ± 0.08) (n = 6). At positive potentials
four exponential components were required. The mean
open-time constants and their relative area of distribution
at +60 mV were 0.14 ± 0.04 (0.11 ± 0.02), 0.7 ± 0.13
(0.28 ± 0.03), 3.83 ± 0.62 (0.44 ± 0.02) and 14.7 ± 2.6
(0.13 ± 0.03) (n = 7) (Fig. 8B right panel and Table 1). The
mean open times of capsaicin-induced currents are 1.27
and 3.8 ms at−60 and+60 mV, respectively. It is clear from
this analyses that in the presence of RTX, the open-time
distributions and the mean open time did not show any
voltage dependence, unlike in the presence of capsaicin.
Also, in the presence of capsaicin the mean open times are
shorter at −60 and +60 mV.

In most of the patches, the closed-time distribution
of RTX-induced currents could be well-fitted with three

Figure 6. Voltage dependence of RTX-induced single channel activity in cell-attached patches from DRG
neurones
A, single-channel current recordings at different membrane potentials from −100 to +100 mV in the presence
of RTX (0.1 nM) in the pipette solution. B, current–voltage relationship showing outward rectification: slope
conductance at −60 and +60 mV are 30 and 123 pS, respectively. C, single-channel Po at different membrane
potentials.

exponential components. The fractional area of the
third exponential component was negligible (Fig. 8A left
panel and Table 1). The closed-time constants and their
fractional area of distribution at −60 mV in cell-attached
patches were 0.05 ± 0.007 (0.47 ± 0.02), 0.12 ± 0.005
(0.5 ± 0.02), 1.1 ± 0.26 (0.01 ± 0.002) (n = 6). The
closed-time constants and their relative area of distribution
at +60 mV in cell-attached patches were 0.1 ± 0.008
(0.89 ± 0.02), 0.46 ± 0.02 (0.08 ± 0.01) and 8.7 ± 3.9
(0.01 ± 0.01) (n = 3) (Fig. 8A left panel and Table 1).

In the presence of capsaicin the closed-time distribution
was well fitted with four exponential components (Fig. 8B
left panel and Table 1). The time constants of the two
shortest exponential components changed minimally,
if at all, with capsaicin concentration, suggesting that
these components reflect fully liganded shut states.
At −60 mV, the mean closed-time constants and
their relative area of distribution were 0.13 ± 0.02
(0.43 ± 0.04), 0.79 ± 0.12 (0.31 ± 0.03), 3.47 ± 0.59
(0.19 ± 0.03) and 30.8 ± 12.4 (0.04 ± 0.02). At +60 mV,
the mean closed-time constants and their relative areas
of distribution were 0.06 ± 0.02 (0.39 ± 0.04), 0.67 ± 0.39
(0.4 ± 0.03), 1.66 ± 0.39 (0.16 ± 0.01) and 70.84 ± 47
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(0.04 ± 0.009) (Fig. 8B left panel and Table 1). Analyses
of closed-time distributions reveal that in the presence of
RTX, almost all of the events could be fitted with only
two exponential components. The two shortest closed
time constants were similar to the values obtained in the
presence of capsaicin irrespective of the concentration and
patch configuration, suggesting that these time constants
represent fully liganded closed states (Premkumar et al.
2002). The fractional areas of distribution of the longer
closed-time constants in the presence of RTX were
negligible and significantly different from those in the
presence of capsaicin (P < 0.05).

Ability of RTX and capsaicin to cause membrane
depolarization and generate action potentials

To attribute a physiological significance to the slow
and irreversible action of RTX, we recorded membrane
depolarization in current-clamp conditions. Action
potentials in response to a current injection (10–100 pA)
were recorded in order to confirm that the neurones
were excitable (inset to Fig. 9A and B). The average
membrane potential was −57.1 ± 1 mV (n = 42).

Figure 7. Voltage dependence of capsaicin-induced single channel activity in cell-attached patches from
DRG neurones
A, single-channel current recording from −100 to +100 mV in the presence of capsaicin (100 nM).
B, current–voltage relationship showing outward rectification: slope conductance at −60 and +60 mV are 41 and
93 pS, respectively. C, single-channel Po at different membrane potentials, showing a steep voltage-dependent
decrease at negative potentials.

Capsaicin induced a dose-dependent depolarization
and when it reached threshold it generated bursts of
action potentials. At lower concentrations of capsaicin
(< 30 nm), the depolarization did not reach the threshold
to fire action potentials (data not shown). Capsaicin
(30 nm) induced a depolarization of 13.3 ± 3.5 mV (n = 7,
Fig. 9A and C). The extent of membrane depolarization
induced by lower concentrations of RTX was similar to
that seen with capsaicin (3 pm, 10.6 ± 1.6 mV, n = 6;
10 pm, 14.1 ± 1.5 mV, n = 10; 100 pm, 16.3 ± 3 mV,
n = 8). Higher concentrations of RTX induced greater
depolarization (10 nm, 32.2 ± 5.1 mV, n = 5; 1 µm,
52 ± 2 mV, n = 3) (Fig. 9C).

Capsaicin (30 nm) generated a significantly greater
(P < 0.05) number of action potentials (54.2 ± 10.5)
as compared to lower concentrations of RTX (3 pm,
16.6 ± 8.3, n = 6; 10 pm, 24.6 ± 6.9, n = 10). At inter-
mediate concentrations (∼100 pm) there was an increase
in the number of action potentials (77.8 ± 11.8,
n = 8).

At higher concentrations (10 nm–1 µm) of RTX there
was a decrease in the number of action potentials probably
due to rapid and sustained depolarization (10 nm,
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Table 1. Open and closed time distribution of RTX- and capsaicin-induced currents

Open time Closed time

Vm n Po Conc. τ 1 τ 2 τ 3 τ 4 τ 1 τ 2 τ 3 τ 4

(mV) (nM)

RTX
−60 6 0.94 ± 0.02 0.1 0.46 ± 0.1 5.57 ± 2.4 10.2 ± 1.8 — 0.05 ± 0.007 0.12 ± 0.005 1.1 ± 0.26 —

(0.03 ± 0.01) (0.5 ± 0.3) (0.47 ± 0.3) — (0.47 ± 0.02) (0.5 ± 0.02) (0.01 ± 0.002) —
+60 3 0.98 ± 0.02 0.1 1.6 ± 1.2 6.58 ± 0.56 12 ± 1 — 0.1 ± 0.008 0.46 ± 0.02 8.7 ± 3.9 —

(0.11 ± 0.1) (0.72 ± 0.12) (0.25 ± 0.01) — (0.89 ± 0.02) (0.08 ± 0.01) (0.01 ± 0.01) —
CAP
−60 6 0.1 ± 0.04 100 0.11 ± 0.01 0.76 ± 0.18 2.61 ± 0.84 — 0.13 ± 0.02 0.79 ± 0.12 3.47 ± 0.59 30.8 ± 12.4

(0.26 ± 0.05) (0.49 ± 0.07) (0.34 ± 0.08) — (0.43 ± 0.04) (0.31 ± 0.03) (0.19 ± 0.03) (0.04 ± 0.02)
+60 7 0.53 ± 0.04 100 0.14 ± 0.04 0.7 ± 0.13 3.83 ± 0.62 14.7 ± 2.6 0.06 ± 0.02 0.67 ± 0.39 1.66 ± 0.39 70.84 ± 47

(0.11 ± 0.02) (0.28 ± 0.03) (0.44 ± 0.02) (0.13 ± 0.03) (0.39 ± 0.04) (0.4 ± 0.03) (0.16 ± 0.01) (0.04 ± 0.009)

24.5 ± 8.6, n = 5; 1 µm, 14.6 ± 4.6, n = 3) (Fig. 9D). Even
though RTX induced a concentration-dependent change
in the membrane potential, its effect on the number of
action potentials followed a bell-shaped curve with highest
activity being induced by intermediate concentrations
(∼100 pm). Thus, lower concentrations of RTX can be
potentially used to induce depolarization, which might
be sufficient to induce a sustained Ca2+ influx (due
to its irreversible nature) that could lead to neuronal
degeneration over time and contribute to its clinical
usefulness. These results suggest that because of its
ultrapotent nature, low concentrations of RTX can cause a
sustained activation of TRPV1 without generating action
potentials, preventing the nociceptive information from
reaching the brain. A similar phenomenon occurring
at the nerve terminals innervating the bladder could
explain why intravesicular administration of RTX causes
less discomfort/pain during the treatment for bladder
hyper-reflexia.

Discussion

In this study we confirm that RTX is a potent agonist
of TRPV1 and that the whole-cell current response and
single-channel current activity cannot be reversed readily,
consistent with its high affinity for the receptor (Szallasi &
Blumberg, 1990b; Caterina et al. 1997). This property of
RTX has proven to be a useful tool to study interactions of
agonists and antagonists with TRPV1 in receptor-binding
experiments using its tritiated form. It is interesting that
despite being an ultrapotent agonist with very high affinity,
several weaker agonists can displace RTX from its binding
site over time. Several studies have identified residues
in the extracellular and intracellular domains that are
involved in RTX binding (Jung et al. 1999, 2002; Chou
et al. 2004; Gavva et al. 2004). The dichotomy between
affinity and functional effects shown by some studies
raises interesting questions about the functional relevance
of residues identified as critical for RTX and capsaicin
binding (Gavva et al. 2004). It also underscores the
importance and relevance of the action of RTX on TRPV1,
especially in light of its usefulness for certain painful

conditions (Helyes et al. 2004) including urinary bladder
hyper-reflexia (Giannantoni et al. 2004; Palma et al.
2004).

Although RTX is a potent agonist, the rate of activation
of TRPV1 current is slower than with capsaicin and
protons. Binding sites for capsaicin and RTX have been
identified in the cytosolic and transmembrane domains of
the channel, and the lipophilicity of the agonist affecting
the ability of the drug to cross the membrane and inter-
act with its respective binding site(s) might contribute
to the differences observed in the activation kinetics
(Jung et al. 1999, 2002; Chou et al. 2004; Vyklicky et al.
2003). Low-potency agonists, such as olvanil and capsiate,
have been shown to exhibit low pungency, which is
attributed partly to their high lipophilicity. Subcutaneous
administration of these low-potency agonists induced
nocifensive behaviour; however, no effect was seen when
they were applied on the skin or mucous membranes
(Iida et al. 2003; Neubert et al. 2003). This discrepancy
might be in part due to low levels of the agonists
being able to access the nerve terminals when applied
superficially. In some in vivo studies, RTX induced an
increase in the threshold for paw withdrawal latency in
the hot plate test (Szabo et al. 1999; Almasi et al. 2003);
however, nocifensive behaviour was observed in other
studies, which used eye wipe test (Szallasi & Blumberg,
1989). Furthermore, intravesicular administration of RTX
did not induce suprapubic discomfort, unlike that seen
following capsaicin administration (Giannantoni et al.
2002). These findings are consistent with the observation
that the ability of RTX to induce action potentials follows
a bell-shaped curve, in that there was a significant increase
in the number of action potentials only at intermediate
concentrations (Fig. 9). The property of slow activation
may be relevant as the receptor potential is changed in a
ramp-like fashion, which is not rapid enough to induce
a concerted activation of voltage-gated Na+ channels to
generate an action potential at the nerve terminal. This
property might contribute to the lack of painful burning
sensation with RTX, which is observed with capsaicin.
Moreover, the RTX-induced response is long lasting;
therefore much lower concentrations of the drug than
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are being used currently (50–100 nm) could potentially
be used to achieve maximal activation of the receptor
over a period of time in a therapeutically safe manner
while avoiding potential side effects due to systemic
absorption (Giannantoni et al. 2004; Palma et al. 2004).
Current clinical trials for bladder hyper-reflexia are being
conducted to determine the most effective concentration
of RTX and the duration of its application for optimum
clinical benefits (Lazzeri et al. 2004a,b; Payne et al. 2005).
Vanilloid agonists exhibit different potencies for receptor
binding and Ca2+ uptake assays (Acs et al. 1995; Walpole
et al. 1996). RTX was found to be 25-fold more potent for
binding (K d, 40 pm) as compared to its ability to induce
Ca2+ uptake (K d, 1.0 nm) (Acs et al. 1995). An EC50 of

Figure 8. Single-channel kinetics of
TRPV1 channel activity induced by RTX
and capsaicin in cell-attached patches
from DRG neurones
A, open- and closed-time distributions in the
presence of RTX (0.1 nM) at −60 mV and
+60 mV; open and closed time could be
well-fitted with three exponential
components. The time constants and the
relative areas of distribution (in parenthesis)
are shown. B, at −60 mV, in the presence of
capsaicin (100 nM) the closed-time distribution
is well-fitted with four exponential
components and the open-time distribution is
well-fitted with three exponential
components. At +60 mV, the closed- and
open-time distributions are well fitted with
four exponential components. In the presence
of RTX, the channel predominantly dwelled in
the longer open states the majority of the
time as compared to activation by capsaicin.

270 nm was determined for capsaicin when Ca2+ influx
was used as a parameter. However, [3H]RTX binding was
inhibited by capsaicin with a 10-fold lower affinity (K d,
3 µm) (Acs et al. 1995). It was postulated that two different
types of vanilloid receptors could be mediating these
distinct responses (Szallasi & Blumberg, 1996; Biro et al.
1997). These were denoted as R-type and C-type vanilloid
receptors. However, both R- and C-type responses could
be seen in cell lines that expressed cloned vanilloid receptor
TRPV1, ruling out the possibility of two different receptor
types.

While determining the potency of RTX and capsaicin to
activate TRPV1 current, it was found that RTX was 20-fold
more potent (EC50, 39 nm) than capsaicin (EC50, 710 nm)
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(Caterina et al. 1997). In TRPV1 transfected human
embryonic kidney (HEK293) cells, capsaicin activated a
current with an EC50 of 110 nm (Tominaga et al. 1998). In
this study, we have found that a meaningful dose–response
curve can not be constructed because repeated application
of submaximal concentration of RTX induced larger
currents until a maximal response was attained. Although
RTX is a potent agonist, the activation of the current is
slower than with capsaicin, and it deactivates minimally.
The high potency is indicated by the minimal deactivation

Figure 9. RTX- and capsaicin-induced membrane depolarization and the ability to generate action
potentials
A, capsaicin-induced (30 nM) membrane depolarization resulted in a burst of action potentials. Inset shows action
potentials in response to current injection. B, RTX-induced (10 pM) membrane depolarization, which is slow and
sustained and generated a few action potentials. Note that the membrane potential does not reach baseline even
after washout. Inset shows action potentials in response to current injection. Representative regions are shown
in expanded timescale below. C, summary graph showing the extent of membrane depolarization induced by
capsaicin (30 nM) and different concentrations of RTX (1 pM−1 µM). D, summary graph showing the number of
action potentials induced following application of capsaicin and RTX.

of the whole-cell currents, which is a result of its high
affinity for the channel. The presence of critical intra-
cellular residues, which need to be accessed by passing
through the membrane, might be one of the contributing
factors for the slow activation kinetics of RTX-induced
membrane currents. It is also possible that RTX has both
agonistic and antagonistic actions and therefore acts as
a partial agonist. This is conceivable given the finding
that iodoRTX is a potent antagonist of TRPV1. To better
understand the nature of activation of TRPV1 by
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RTX, we have characterized the single-channel
properties of RTX- and capsaicin-induced channel
activity.

We have used cell-attached and excised patch
configurations to record single-channel currents activated
by RTX and compared the properties with single-channel
currents activated by capsaicin. A clear dose-dependent
increase in Po was not observed with RTX; only
the time to reach the maximal Po decreased with
increasing concentrations. A concentration of 0.1–0.2 nm
could maximally activate the receptor. Furthermore,
there was no voltage-dependent change in Po with
RTX, whereas capsaicin-induced current shows a steep
voltage-dependent decrease in Po at negative potentials,
which is consistent with earlier work (Premkumar et al.
2002; Voets et al. 2004). It is possible that binding of
capsaicin is voltage dependent, which is reflected as
a reduction in Po. Despite maximal activation of the
receptor by RTX, single-channel conductance shows clear
outward rectification. The lesser extent of RTX-induced
whole-cell current rectification could be due to a lack of
voltage-dependent reduction in Po at negative membrane
potentials. As maximal activation of TRPV1 by RTX
occurs even at low concentrations, it provides a means
of studying the gating properties without interference
from binding events, in that the equilibrium is greatly
favoured towards the open state. Therefore, we were able
to separate the gating events from binding events to
study kinetics in detail. Open-time distributions show
that the time constants are longer and that their areas of
distribution are greater in the presence of RTX than in the
presence of capsaicin. The channel predominantly dwelled
in the longer open states as reflected by the fractional
area of distribution (Fig. 8). Also, consistent with
the high mean open times and Po, the closed-time
distribution could be fitted in most patches with only two
exponential components, and even if a third exponential
component was required, the area of its distribution was
negligible.

It is clear that the concentrations of RTX and
capsaicin that brought the membrane potentials rapidly
to threshold, generated action potentials. With lower
concentrations of capsaicin, the membrane potential
did not even reach the threshold. On the other
hand, very low concentrations of RTX, given its
irreversible nature, induced a sustained depolarization
and changed the membrane potential in a ramp-like
fashion beyond the threshold, and yet it either failed
to generate, or generated few action potentials in
some cells. There are two advantages of using RTX.
First, because of its irreversible nature, very low
concentrations (well below the toxic levels) could be
applied locally. Second, slow and sustained depolarization
results in a gradual inactivation of voltage-gated Na+

channels causing a depolarization block, which prevents

action potential generation. However, at the same
time RTX can sufficiently increase intracellular Ca2+

levels via TRPV1 to induce nerve terminal death for
pain relief. As the nerve terminals have the ability
to regenerate, long-term toxicity may not be a major
concern.

It is important to understand the properties of
RTX-induced TRPV1 currents because of its potential
usefulness as a therapeutic agent. RTX is currently under-
going clinical trials, and showing beneficial effects in
rodent models, for the treatment of bladder hyper-reflexia.
A single intravesicular or intra-articular administration of
RTX produces a long-lasting amelioration of the condition
(Brady et al. 2004; Helyes et al. 2004). Its long-term
beneficial effects are induced by sustained activation of
TRPV1, potentially increasing intracellular Ca2+ levels,
which subsequently induces nerve terminal death (Cruz
et al. 1997; Lazzeri et al. 1998; Giannantoni et al. 2002;
Brady et al. 2004; Karai et al. 2004; Lazzeri et al. 2004b,c).
Slow and sustained activation at lower concentrations
might contribute to the lack of pungency of RTX, as
compared to capsaicin, which favours its usefulness during
intravesicular administration.
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